ment of ATP hydrolysis, or required continuous association of SWI/SNF, the SWI/SNF complex would be far less potent than if the remodeled state was stable in the absence of SWI/SNF. Furthermore, if the SWI/SNF Summary complex was able to create a stably remodeled nucleosome, this species might represent an important interThe human SWI/SNF complex remodels nucleosome mediate in establishing fully open regions of chromatin structure in an ATP-dependent manner, although the in vivo. It has been shown that establishment of the nature of this change has not been determined. Here remodeled state by hSWI/SNF requires ATP hydrolysis we show that hSWI/SNF and ATP generate an altered but that the remodeled state can be maintained in the nucleosomal structure that is stable in the absence of absence of ATP hydrolysis (Imbalzano et al., 1996) . This SWI/SNF. This product has an altered sensitivity to observation argued against the possibility that disrupdigestion by DNAse, restriction enzymes, and microtion was a transient effect at the moment of hydrolysis coccal nuclease, and an increased affinity for GAL4. It and suggested two hypotheses about the potential has the same protein composition but is approximately mechanism of SWI/SNF. Either (1) hSWI/SNF remains twice the size of a normal nucleosome. Incubation of bound to the disrupted nucleosome after ATP hydrolythe altered nucleosome with hSWI/SNF converts this sis, and it is the hSWI/SNF/nucleosome metacomplex structure back to a standard nucleosome in an ATPthat is detected as a remodeled nucleosome, or (2) SWI/ dependent process. These results suggest that hSWI/ SNF uses the energy of ATP hydrolysis to shift the SNF acts by facilitating an exchange between normal nucleosome from its original state to a remodeled state and altered, more accessible, nucleosome conformathat can exist in the absence of association with hSWI/ tions.
through EconoQ, to ensure that these effects were due access in an ATP-dependent reaction (Cote et al., 1994;  to hSWI/SNF. Imbalzano et al., , 1996 Kwon et al., 1994; We used gel shift analysis to detect stable products et Owen-Hughes et al., 1996; following incubation of nucleosomes with hSWI/SNF. 1996a; Logie and Peterson, 1997; Utley et al., 1997) .
hSWI/SNF fractions frequently shift nucleosome cores In order to better understand the role of SWI/SNF into a poorly resolved pattern with more DNA in the well complexes in vivo, it is important to understand the ( Figure 1B , lane 2), as has also been noted for the yeast complex (Cote et al., 1994) . We found, however, that addition of high salt (Ͼ120 mM KCl) or cold competitor Right panel: hSWI/SNF was affinity purified from FLAG-Ini1-expressing HeLa cells, using an M2 anti-FLAG column. The band between p43 and p45 does not coelute with the complex on a gel filtration column (S. S. and R. E. K., submitted). Protein names were assigned based on Westerns and by comparison to complexes immunopurified with other antibodies (Wang et al., 1996a (Wang et al., , 1996b or purified by conventional chromatography . (B) Mononucleosome cores assembled with TPT fragment were incubated with or without 350 ng of SWI/SNF A fraction in half-size remodeling reactions in the presence of ATP ("A"), ATP␥S ("␥"), or water ("Ϫ"). KCl concentration was adjusted from 60 to 180 mM either before ("1") or 20 min after ("2") the addition of SWI/SNF to the reactions. At 40 min, reactions were separated by EMSA. The poorly resolved band between cores and novel band in lane 4 is occasionally seen and may be the novel species falling apart during electrophoresis, since a similar smear is also observed upon gel shift of the purified novel species (e.g. Figure 3A , below). (C) Anti-BRG1 Western blot of EMSA gel. Reactions as in (B), but with 240 ng SWI/SNF B fraction, without (lane 1) or with (lanes 2-4) TPT nucleosome cores, ATP and/or 0.5 g TPTϩ3 supercoiled plasmid DNA were separated on native gels and Western blotted.
(D) Coimmunoprecipitation of cores and hSWI/SNF. Remodeling reactions contained 550 ng of SWI/SNF A, 0.6 ng labeled TPT cores, and anti-BRG1 antibody. In "ϩSalt" reactions, KCl concentration was adjusted to 180 mM either before SWI/SNF addition or 20 min after ("2nd"). After 40 min, reactions were immunoprecipitated (see Experimental Procedures), and the percentage of cores (1st column) and BRG1 (2nd column) precipitated were determined by Cerenkov counting and Western blot, respectively.
DNA after the SWI/SNF reaction and prior to electrophoan EMSA gel with similar gel shift reactions was subjected to Western blotting and probed with antibody resis helped to resolve this pattern into two bands, one that had the same mobility as cores, and a second, to BRG1 ( Figure 1C ). Under all conditions tested, all detectable BRG1 was found in the wells, making it unslower migrating, "novel" band ( Figure 1B , lane 4; see below; data not shown). Formation of the novel band likely that the novel band was a nucleosome bound by the intact SWI/SNF complex. Furthermore, the condiwas dependent on both hSWI/SNF and ATP and did not occur with the nonhydrolyzable analog ATP␥S (lane 6), tions that facilitated detection of this band prevented SWI/SNF-nucleosome interactions in a coimmunopreand thus correlates with SWI/SNF-induced disruption (Imbalzano et al., 1996) . It was not observed, as discipitation assay ( Figure 1D ). When hSWI/SNF was incubated with labeled nucleosome cores before immunocussed below, when high salt or competitor was added to the reaction before hSWI/SNF (lane 3; data not precipitation with anti-BRG1, a significant fraction of the cores were coimmunoprecipitated either in the absence shown).
To test whether this was a SWI/SNF-bound species, or presence of ATP, indicating an association of SWI/ (C and D) Five-fold scaled-up remodeling reactions with 3 mM MgCl2, no BSA, and containing 900 ng unlabeled mononucleosome cores, without (C) or with (D). Affinity-purified FLAG-Ini1 hSWI/SNF (2.47 g) was challenged with 240 mM KCl after 55 min of incubation. At 70 min, reactions were separated by EMSA (1st dimension), and excised whole lanes were run into a 14% SDS-PAGE gel (2nd dimension), which was then silver stained. Forty-five nanograms of bulk HeLa mononucleosome cores (lane 1) and 412 ng affinity-purified FLAG-Ini1 hSWI/SNF (lane 2) were loaded as controls. "*", bands that comigrate with cores, but which were not further considered since they were not dependent on SWI/SNF.
SNF with the cores. High salt prevented this association compare lanes 6 and 7) and protections (Ϫ) that are characteristic for a given template. When SWI/SNF and when added either before or after ("2nd") incubating SWI/SNF with cores. Bare DNA also broke the interac-ATP were added to cores and subsequently challenged with 180 mM salt, DNA from complexes that ran as cores tion of SWI/SNF with cores (data not shown), consistent with results from the yeast complex (Owen-Hughes et in size (lane 2) showed very similar DNAse I sensitivity to the core nucleosome from a reaction that was not al., 1996; Utley et al., 1997) . These results suggested that the novel band can be resolved after salt treatment treated with hSWI/SNF (lane 1). DNA in the novel band and well, however, had an altered DNAse digestion patbecause it is released from SWI/SNF, and that its absence when salt is added before SWI/SNF ( Figure 1B , tern (lanes 3 and 4). The DNAse pattern of the novel band was similar but not identical to that obtained when lane 3) is due to the inhibition of the initial binding of SWI/SNF to cores that would allow it to convert them nucleosomes were treated in solution with hSWI/SNF (compare lanes 3 and 7 for hSWI/SNF-enhanced and -proto this product. tected bands; asterisks denote bands that are enhanced in both the novel band and in the SWI/SNF reactions The Novel Band Has a Different DNAse Pattern that are not seen in bare DNA). Similar results are seen than a Standard Nucleosome when samples are treated with DNAse after salt addition To characterize this novel species, we used EMSA to but before gel shift and elution (data not shown), and isolate the products of a scaled-up disruption reaction.
with core and novel species separated by other means Bands from the gel were excised ( Figure 2A ) and eluted, (see below). and equal counts of DNA/protein complexes were These data demonstrate that the hSWI/SNF-induced treated with DNAse before resolution on a denaturing species has a DNAse digestion pattern that does not gel ( Figure 2B, lanes 1-4) . Following limited DNAse diresemble that of a standard nucleosome core but has gestion, control nucleosomes display an approximately characteristics that are similar to those of nucleosomal 10-base pair periodicity of sensitivity to DNAse where DNA in reaction with hSWI/SNF and ATP. We believe that the face of the DNA is away from the histone octamer the differences between the DNAse digestion pattern of (e.g., lane 6). Addition of SWI/SNF and ATP disrupts this pattern, leading to enhancements (bands labeled "ϩ"; the isolated novel band and the digestion pattern of the nucleosomes in the hSWI/SNF reaction are important, labeled DNA was treated with SWI/SNF, and the novel species was separated from cores using a glycerol graand they are examined further below (Figure 4) . dient. Equal counts (42 ng) of DNA from the novel species and cores were TCA precipitated and compared to The Novel Band Contains the Four Core Histones unprecipitated cores (*) and a titration of precipitated To characterize the protein composition of the hSWI/ control cores. Gradient-isolated novel species and cores SNF-induced species, complexes in scaled-up reacand unprecipitated control cores all had similar levels of tions were separated on a native gel, subjected to a core histones ( Figure 3C , lanes 2, 8, and 9), intermediate second dimension SDS-PAGE, and silver stained (Figbetween 60 and 33 ng precipitated control cores (lanes ures 2C and 2D). When a lane containing a nucleosome 5 and 6). Thus, DNA and histones appear to be present core control was analyzed by second-dimension SDSin roughly the same stoichiometry in the novel species PAGE, DNA (which stains negatively where it is most and normal nucleosome cores. concentrated) and the four core histones were observed to comigrate at the nucleosome core gel shift position ( Figure 2C ). As described above, when SWI/SNF-disAltered Cleavage of DNA on the Novel Species rupted cores were challenged with salt and subjected
To characterize further the DNA contained in the novel to gel shift, both cores and the novel species were obspecies, gradient-isolated novel band (N) and cores (C) served. When such a lane was resolved in the second were compared to bare DNA for their accessibility to a dimension by SDS-PAGE, both the core-sized and novel variety of restriction enzymes and micrococcal nuclease bands contained DNA and the four core histones and ( Figure 3D ). Each restriction site tested was cut most no other detectable proteins ( Figure 2D ). Since all of efficiently on bare DNA; however, the percentage cut at the proteins in the hSWI/SNF preparation migrate more each site differed between cores and the novel species. slowly than DNA ( Figure 2D , left panel), and thus should Quantitation of these results showed increased access be visible in the two-dimensional analysis, we conclude to novel species at the PstI and HindIII sites (2-fold over that none are present in stoichiometric levels with the cores) and decreased access to novel species at the histones. Consistent with gel shift and Western results SpeI, AvrII, and XhoI sites (1.4-, 1.5-, and 2.2-fold less ( Figure 1C ), some SWI/SNF proteins are visible in the than cores, respectively). No preference for restriction well, along with a fraction of the DNA and histones.
enzyme access was noted for sites near the nucleosoThese results indicate that the hSWI/SNF-induced novel mal dyad axis (the HindIII site at 96 bp is more accessible species is an altered nucleosome and not a factoron the novel species, while the AvrII site at 63 bp is less) bound nucleosome.
or closer to the ends of the DNA (the PstI site at 49 is more accessible, while the SpeI site at 47 is less).
The Novel Species May Be a Dimer
Micrococcal nuclease is a double-stranded endonuThe novel species migrates faster than cores on a glycclease that is inhibited from cutting DNA in core nucleoerol gradient and elutes larger than cores on a Superose somes. Thus, while bare DNA is fully digested (B), MNase 6 size exclusion column ( Figure 3A ). The positions of only trims the end of gradient-isolated core (C) to ‫541ف‬ novel and labeled cores correspond closely to those bp, even at high concentrations. This band, the "strong of bulk HeLa dinucleosomes and mononucleosomes, stop," is seen to a lesser extent on the novel species, respectively (running slightly larger, probably due to size and MNase shows increased cleavage at specific sites differences between the labeled and heterogeneous within the novel species (N). These results show that bulk DNAs) (Figures 3A and 3B) . From these results, the DNA on the novel species has altered accessibility relative S values and Stokes radii were determined (Fig- to both MNase and restriction enzymes. ure 3B). Using these values, we calculated that the novel species has two times the mass of the mononucleosome.
The Novel Species Is Converted by SWI/SNF to Standard Cores In EMSA, the novel band has a relative mobility similar to a dinucleosome (0.39 versus 0.38, relative to labeled Regardless of how much hSWI/SNF was added to the reaction, a substantial percentage of the input nucleobare DNA), whereas the labeled cores run similarly to mononucleosomes (0.66 versus 0.64). Mobility in each somes remained in their normal configuration, implying that hSWI/SNF could not quantitatively remodel all of system depends on different parameters: radius in size exclusion, charge/radius in EMSA, and mass/radius in the nucleosomes in the reaction into the novel species. This suggested that the novel band and the standard gradient centrifugation. Thus, the observation that the novel species runs similarly to a dinucleosome in all nucleosome might be present in equilibrium, and hence that hSWI/SNF might be able to perform a "back reacthree suggests that the novel species contains two pieces of DNA and two histone octamers. We must tion," converting the novel band back to cores. We incubated gradient-isolated novel species with a stress, however, that the novel species cannot be a dinucleosome in the standard sense since the individual low level of hSWI/SNF, which does not result in excessive shift of probe into the wells ( Figure 4A ). In the ab-DNA fragments have not been ligated (e.g., Figures 2C  and 2D) .
sence of ATP, hSWI/SNF had no effect on the novel band (lane 3); however, hSWI/SNF and ATP caused a To determine the approximate ratio of histones to DNA, gradient-isolated cores and novel species were reversion of this band to nucleosome cores in size (lane 5). Replacement of ATP with ATP-␥S inhibited the reaccompared to control cores by silver stain ( Figure 3C) . A mononucleosome preparation with a trace amount of tion (lane 4), and ATP alone had no effect (lane 2). Similar data was obtained with the novel band after elution from as was seen above ( Figure 2B ). Treatment of the novel band with hSWI/SNF altered the DNAse digestion pata gel following EMSA (data not shown).
We compared the DNAse digestion pattern of the gratern in an ATP-dependent manner (compare lanes 2 and 3) and created a pattern essentially identical to that dient-isolated novel band in the presence and absence of hSWI/SNF to that of standard nucleosome cores in seen when standard cores were treated with hSWI/SNF (compare lanes 3 and 6). The DNAse digestion pattern the presence and absence of hSWI/SNF. The novel band had an altered DNAse digestion pattern when compared in the presence of hSWI/SNF and ATP had many characteristics that appeared to be a combination of the DNAse to standard cores ( Figure 4B; compare lanes 1 and 4) , Two and one-half microliters of gradient-isolated novel species (lane 2 in Figure 3A ) was incubated in a 12.5 l remodeling reaction containing 3 mM MgCl2, 25 ng cold nucleosome cores and, where indicated, ATP or ATP␥S, and 34 ng tagged SWI/SNF fraction, for 60 min before EMSA. (B) DNAse: The same novel-species fraction (or equal amounts of labeled cores) was analyzed in 125 l remodeling reactions with 248 ng cold nucleosome cores and, where indicated, 544 ng tagged SWI/SNF fraction and/ or ATP. After 30 min at 30ЊC, reactions were DNAse-treated and analyzed by standard methods. Bar: approximate position of the nucleosomal dyad axis. (C) Some novel species is converted to cores over 2 min DNAse digestion. Lanes 1-6: 100 l remodeling reactions containing 5.4 ng of labeled nucleosome cores and 696 ng of unlabeled mononucleosome cores, 0.1% NP40 and, where indicated, ATP (note that ϪATP reaction also contains 0.5 U apyrase), and/or 2.6 g tagged SWI/SNF (ϩS/S) were incubated for 20 min at 30ЊC and 5 min at room temperature, before a 2 min digestion with 0.6 U DNAse. Digestion was stopped with EDTA (7 mM), reactions separated by gel shift, and novel species (N), core (C), and material in the well (W) were eluted, purified, and subjected to denaturing electrophoresis. Lanes 7-9: 25 l control reactions were performed under the same conditions except that 7 l SWI/SNF 5B was used, and ATP was added to all reactions but hydrolyzed before SWI/SNF addition by 0.5 U apyrase in the "ϪATP" reaction. (D) SWI/SNF works in nucleosome excess. Standard remodeling reactions on TPT cores containing ATP, 2.5 mM MgCl 2, and 174 ng (DNA weight) cold nucleosome cores were incubated at 30ЊC for 70 min and at RT for 6Ј before a 2Ј DNAse treatment. One hundred fourteen nanograms (lanes 5-6) or 476 ng (lanes 3-4) tagged SWI/SNF fraction was added either initially (78Ј) or 1 min before adding DNAse for a 2 min digestion (3Ј). A molecular weight of 2 MDa was assumed for hSWI/ SNF . digestion patterns of standard cores and the novel band the novel species, at any given time. We wondered, then, why the majority of nucleosomes appear disrupted (compare lanes 1 and 4 to lanes 3 or 6), although there were regions near the dyad axis (bar) that appeared following a 2 min DNAse digestion of a reaction containing SWI/SNF, nucleosomes, and ATP (e.g., many more protected in the presence of hSWI/SNF than in either isolated cores or the isolated novel band. These bands in the resultant DNAse ladder either increase or decrease in intensity by more than 50% following SWI/ results suggest that in the presence of ATP, SWI/SNF can create a dynamic equilibrium between a standard SNF action; see Imbalzano et al., 1994, and above). One possibility was that, at steady state, the interchange nucleosome structure and the novel band, and that the characteristic DNAse pattern created by SWI/SNF and between standard cores and the novel band was sufficiently rapid that each nucleosome was interconverted ATP is likely to reflect this equilibrium. between these two species several times during the 2 min incubation with DNAse.
Interconversion between Cores and the Novel Species Is Rapid
To test this hypothesis, a reaction containing hSWI/ SNF, nucleosomes, and ATP was incubated for 20 min The equilibrium that is established between these two states is such that, even at maximal SWI/SNF activity, to establish equilibrium conditions, treated with DNAse for 2 min (during which time SWI/SNF remained active), there are always more standard core nucleosomes than and then the DNAse reaction was stopped and the reaccores ( Figure 5B ). At these concentrations, GAL4 shows some nonspecific binding to bare DNA (dimer and trimer tion separated by EMSA. If SWI/SNF activity during the 2 min DNAse digestion caused a rapid interchange bebands in lanes 2 and 3); however, binding to the novel band was dependent on the GAL4 site, as it was not tween the novel and standard nucleosome cores, then we would expect that the nucleosomes that migrated observed on an otherwise identical novel species containing a TATA box in place of the GAL4 site (data not with the mobility of cores would have an altered DNAse digestion pattern that was similar to that of the novel shown). When binding to the high-affinity site was measured by DNAse footprinting, 10 nM GAL4 caused apspecies and different from naive cores. We found this to be the case (compare Figure 4C, lanes 2 and 3, to proximately half-maximal protection from DNAse cleavage within the GAL4 site on the novel species but did control undisrupted [lane 7] and disrupted [lane 8] reactions). This effect did not occur without SWI/SNF (lane not cause strong protection within the GAL4 site on the standard core (lanes 2 and 9). Hypersensitive sites 1) or ATP (lanes 5 and 6). This is in contrast to Figures  2B and 4B , where cores that are separated from SWI/ induced by GAL4 binding (arrows) also appear at lower concentrations on the novel species than on the core SNF prior to DNAse digestion do not appear disrupted. This suggests that interconversion was rapid enough nucleosome. Quantifying the results of this and a similar experiment, the percent protection of bands on this that the bulk of what ran as cores at the end of the 2 min DNAse digestion had gone through periods of high-affinity site was half-maximal at approximately 8 nM on the novel species and at approximately 24 nM disruption during those 2 min.
It has been shown previously that yeast SWI/SNF on the standard core ( Figure 5C ), and Scatchard analysis yields a 3.2-fold increase in affinity of GAL4 for the novel function can be catalytic (Logie and Peterson, 1997) , and we infer from the above data that the hSWI/SNFspecies. Thus, there was a preference of GAL4 for the high-affinity binding site on the novel species, but this induced interconversion between nucleosomal structures is rapid. One prediction that can be made from preference was less pronounced than was observed for the low-affinity binding site. This is consistent with the these observations is that hSWI/SNF should be able to alter the DNAse pattern of core nucleosomes when effects of SWI/SNF on binding of GAL4 to low-and highaffinity sites. nucleosomes are present in significant molar excess to SWI/SNF. We supplemented the reactions with unlaThese experiments also demonstrate that changes in DNAse cleavage on the novel species relative to cores beled core nucleosomes and found that SWI/SNF could strongly disrupt either a 7.4-fold ( Figure 4D, lane 3) or are observed on different templates than were examined above. Significant changes in DNAse cleavage between a 30-fold (lane 5) molar excess of nucleosomes in 78 min. When a 7.4-fold molar excess of cores was used, the novel band and cores were seen with the DNA fragment examined in Figure 5A (compare lanes 3 and 7) disruption was essentially complete after 3 min of hSWI/ SNF incubation (lane 4); however, complete disruption and with the fragment examined in Figure 5C (compare lanes 1 and 8). required longer than 3 min when a 30-fold excess was used (lane 6).
Discussion

Novel Nucleosome Is Preferentially Bound by GAL4
We have shown that the human SWI/SNF complex can convert a mononucleosome core to an alternative stable hSWI/SNF has been shown to increase the affinity of GAL4 derivatives and TBP to their cognate sites located conformation. This novel species appears to have altered histone-DNA contacts, as evidenced by changes at the nucleosomal dyad (the location on the DNA furthest from the entry and exit points from the histone in micrococcal nuclease, restriction enzyme and DNAse cutting patterns, and an increased affinity of GAL4 for octamer) Kwon et al., 1994) . The effect of SWI/SNF on GAL4 binding to a high-affinity sites near the center of the DNA fragment. The alterations in DNAse pattern and GAL4 binding for the isobinding site is less than the effect on binding to a lowaffinity binding site (Imbalzano et al., 1996 ; Burns and lated novel species are similar to those seen in reactions that contain active SWI/SNF, suggesting that this spePeterson, 1997; Utley et al., 1997) . We treated mononucleosomes that contained either a single high-affinity cies is the disrupted product of the complex. An ability of hSWI/SNF to alter histone-DNA contacts is consistent GAL4 site or a single low affinity GAL4 site at the dyad axis with hSWI/SNF and ATP, used a gradient to sepawith genetic and structural studies where it has been shown that mutations that suppress SWI/SNF mutations rate the resultant novel species and standard core species, and then measured the affinity of GAL4 for each in yeast map to residues in histones that directly contact DNA in the standard nucleosome structure (Kruger et of these species. Binding of GAL4 to the low-affinity site was examined by DNAse footprinting ( Figure 5A) . Luger et al., 1997) .
The novel species appears to contain the proper ratio Binding was detected at 50 nM GAL4 on the novel species but was not detected even at 500 nM GAL4 on the of all four core histones and have a 1:1 ratio of DNA to histone octamers. Its ability to be converted back to a standard core. Thus, there is at least a 10-fold preference of GAL4 for binding to the novel species. seemingly normal core by SWI/SNF further argues against histone or DNA loss, as does the fact that we Binding to the high-affinity site was examined by gel shift and DNAse footprinting. Gel shift reactions showed never observe a significant increase in bare DNA as a result of SWI/SNF action, even in the presence of bare the formation of a GAL4-novel band complex at concentrations of GAL4 that showed no measurable binding to competitor DNA that might act as a histone sink (data (A) GAL4 footprint on weak site. pHGal41 template labeled at the EcoRI end was disrupted by SWI/SNF, and novel species and cores were gradient isolated as in Figure 3A .
Four-fold scaled-up remodeling reactions (30 min) contained ‫31.0ف‬ ng labeled bare DNA, gradient-isolated novel species or gradientisolated cores, 80 ng bulk HeLa nucleosome cores, 0.05% NP40, and GAL4 1-94 (minimal DNA-binding domain) at the indicated concentrations. The position of the GAL4 site is marked with a bar.
(B) Gel shift on strong site: 25 l reactions contained 8.9 pg labeled TPGal41-AH DNA in the form of gradient-isolated cores or novel species (as per Figure 3A) , or bare DNA, 50 ng of unlabeled core mononucleosomes, 0.5 g poly(dI-dC), 0.1% NP40, and GAL4 1-94 at 5 ϫ 10 Ϫ8 M (lanes 2, 5, and 8) or 1.5 ϫ 10 Ϫ7 M (lanes 3, 6, and 9). After 60 min, reactions were separated by gel shift. Figure 5C and a similar gel with reactions using overlapping GAL4 concentrations.
not shown). Gel filtration, gradient centrifugation, and ( Figures 4A and 4B ), suggesting that hSWI/SNF might use the energy of hydrolysis to decrease the energy EMSA all suggest that the novel species is an effective dimer of mononucleosome cores.
barrier between these two distinct nucleosomal states. The specific physical alteration made is unknown, alPreviously, alternative nucleosomal conformations have been observed at low salt concentration and have though there is no evidence of DNA ligation or crosslinking between histones ( Figures 2D and 3C ). It is unbeen isolated from actively transcribing genes by mercury column chromatography (Wu et al., 1979; Allegra likely that either histone acetylation or phosphorylation is involved, since we do not detect any increase in aceet al., 1987) . Since the altered species characterized in this study is equally stable at 0 mM or 180 mM KCl, and tylation using TAU gel electrophoresis or any SWI/SNFcatalyzed histone phosphorylation when using labeled since preliminary results have not shown preferential binding to mercury-agarose, we suspect that this is a ATP (Imbalzano, A. N., and R. E. K., unpublished observations). Thus, we favor the theory that the novel species novel conformation of the nucleosome.
Since hSWI/SNF can create the remodeled band and also convert it back to an apparently normal mononucleosome, we propose that hSWI/SNF functions by establishing a dynamic equilibrium between normal and altered nucleosomal states (Figure 6 ). Since both species are stable when separated from SWI/SNF and the complex can act on a molar excess of cores, SWI/SNF appears to be acting enzymatically. Given the apparent size of the novel species and the ability of SWI/SNF to bind mononucleosome cores, we hypothesize that in the forward reaction, SWI/SNF might bind two cores (B) and use the energy of ATP hydrolysis to disrupt their histone-DNA contacts and link them together as the novel species (C). This hypothesis states that the SWI/ single complex. The reverse reaction also requires ATP Bulk HeLa mononucleosomes were prepared by a modification of is created from cores by a conformational change in the method of Utley et al. (1996) . Briefly, nuclear pellet (Kwon et al., the nucleosome that alters histone-DNA and potentially 1994) was solublized in 0.5% NP40 buffer, washed, and digested histone-histone contacts.
with micrococcal nuclease. Polynucleosomes were isolated by On closed circular plasmid templates, we have shown 10%-40% glycerol gradient centrifugation in 0.6 M NaCl-containing that hSWI/SNF and ATP cause a reduction of the number buffer (run times and other buffer components as per Kwon et al., 1994) redigested with MNase, and mono-, di-, and trinucleosomes of negative supercoils introduced by the DNA wrapping isolated on a second, identical, glycerol gradient. Fractions were around histone octamers in length. Mononucleosome cores were assembled as previously described (Imbalzano et al., 1996) .
in the presence of histone acceptors, the combined action of GAL4 and ySWI/SNF can create a region where ture in SDS-PAGE running buffer and 10 min in Western transfer buffer before transfer to PVDF membrane. For coimmunoprecipitation of cores and hSWI/SNF ( Figure 1C ), remodeling reactions with Experimental Procedures affinity-purified anti-BRG1 antibody were mixed with one-fifth volume 50% slurry of Protein A beads in reaction buffer without ATP Protein Purifications (wash buffer) and rocked for 40 min at 25ЊC. Supernatants were SWI/SNF A and B fractions were purified by conventional chromataken and beads were washed twice before quantitation by Cerentography as per Kwon et al., 1994 . Overall protein concentration kov counting and Western blot. was 100 g/ml for A and 60 g/ml for B. From silver stain gels ( Figure 1A) , we estimated that ‫%01ف‬ of this weight is SWI/SNF. SWI/SNF complex from FLAG-tagged Ini1 cell lines was purified on Remodeling Reactions, Footprinting, and EMSA Remodeling reactions (25 l) were as described (Imbalzano et al., an M2 anti-FLAG affinity resin as described (S. S. and R. E. K., submitted), is approximately 80% homogeneous, and is added in 1996), except that MgCl 2 was only 5 mM (except where noted), and, where indicated, instead of 4 mM ATP, an equimolar mix of ATP (or the indicated mass to each reaction. GAL4 1-94 was purified and characterized for activity as previously described . ATP␥S) and MgCl 2 was added to 2 mM. NP40 of 0.1%, which does not affect SWI/SNF activity, was included in some reactions. Each of S value ϫ Stokes radius versus molecular weight for the standards. The data fits to a line, as expected from the Svedberg equareaction was adjusted to 60 mM KCl. For different purposes, reactions were scaled up or down while maintaining concentrations of tion (Larson et al., 1995) , assuming invariant partial specific volumes for all species. all components, including DNAse mixes. Reactions were incubated at 30ЊC for the indicated times and 5 min at room temperature, before a 2 min DNAse treatment, processing and denaturing PAGE. Acknowledgments For gel shift analysis, reactions were not subjected to DNAse, but loaded directly onto 4.5% acrylamide gel shift (EMSA) gels (Huang We thank A. Imbalzano for construction of the pTPT series of temand Garrard, 1989), which were run at ‫091ف‬ V for ‫2ف‬ hr at 4ЊC. For plates and the GST-BRG1 construct used for antibody generation Figure 3D , 10 l of the indicated species in gradient buffer was and comments; and M. Oettinger, F. Winston, J. Guyon, and membrought to 80 l in 10 mM Tris (pH 8.0), 5 mM MgCl2, 27.5 mM NaCl, bers of the laboratory for comments. This work was supported by 1 mM DTT digestion buffer. Restriction enzymes (20 U of all, except grants from the NIH (R. E. K and S. S.). G. S. is a Helen Hay Whitney SpeI [6 U] and AvrII [8 U]) or micrococcal nuclease (Boehringer Units)
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